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Abstract  
Single c r y s t a l  f o i l s  of the compound Bi2Te3 were i r r ad ia t ed  with 
7.5 MeV protons a t  two l eve ls  of f l u x  t o  the  same in tegra ted  dose of  
5.5 x lo1* protons/cm2. The specimens were examined by transmission 
e l e c t r o n  microscopy. 
protons/cm2-sec, c l u s t e r s  of po in t  defec ts  ranging i n  s i z e  from ap- 
proximately 50 t o  250 A.U. were observed. 
during examination i n  the electron microscope. 
a f l u x  o f  3.0 x 
and c l u s t e r s  of vacancies could be dis t inguished.  
were observed a f te r  i r r ad ia t ion  with the  higher  f lux .  
a l s o  promotcd the  rrcirrangerncnt of d is loca t ions .  
loca t ions  i n t e r s e c t e d  the  surface of  the specimens and d is loca t ions  
acquired a jagged appearance. 
13 After i r r a d i a t i o n  with a f lux  of  1.8 x 10 
These c l u s t e r s  annealed out  
A f t e r  i r r a d i a t i o n  with 
protons/cm2-sec, c l u s t e r s  of i n t e r s t i t i a l  atoms 
Hexagonal areas 
I r r a d i a t i o n  
Segments of  d i s -  
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I. INTRODUCTION 
The e f f e c t s  of i r r a d i a t i o n  with gamma rays ,  e l ec t rons ,  neutrons 
. and protons on t he  e l e c t r i c a l  p rope r t i e s  of t he  ccmpour,d B i Z T e 3  have 
been inves t iga ted .  These inves t iga t ions  show t h a t  t he  t r a n s p o r t  
p rope r t i e s  of  Bi2Te3 are sens i t i ve  t o  the  de fec t s  generated during 
i r r a d i a t i o n .  It has  a l s o  been found t h a t  some of t he  defec ts  a r e  
mobile a t  o r  s l i g h t l y  above room temperature. 
5OoC changed t h e  Hal l  coe f f i c i en t  and e l e c t r i c a l  r e s i s t i v i t y  of specimens 
of  B i z T e ~ ,  which had been exposed t o  gamma rad ia t ion ;  these changes 
were a t t r i b u t e d  t o  the  d issoc ia t ion  of i n t e r s t i t i a l  c l u s t e r s  and the  
For example, hea t ing  t o  
migration of i n t e r s t i t i a l s .  (2) 
The work reported here  is part of an  inves t iga t ion  of the e f f e c t s  
of i r r a d i a t i o n  with protons o f  7.5 MeV energy on t h e  compound Bi2Te3. 
I n  an e a r l i e r  paper,  t h e  value of  t he  number of  defec ts  obtained from 
the  changes i n  the  electrical p rope r t i e s  was more than an order  o f  
magnitude smaller than values ca lcu la ted  from t h e o r i e s  of r ad ia t ion  
damage. (7) The annealing out o f  defec ts  during i r r a d i a t i o n  was con- 
s i d e r e d  t o  be one of  t h e  reasons f o r  t h i s  d i f fe rence .  If the  de fec t s  
can migrate and a s u f f i c i e n t  supersa tura t ion  of po in t  defec ts  i s  
generated by the  i r r a d i a t i o n ,  de fec t  c l u s t e r s  should be formed. 
mission e l ec t ron  microscopy is s u i t a b l e  f o r  t he  d i r e c t  observation of 
Trans- 
*such c lus t e r s .  It a l s o  can provide information about t h e  s t r u c t u r a l  
r e l a t i o n s  of the  c l u s t e r s  and t h e  matrix and, under c e r t a i n  condi t ions ,  
about the  types of  po in t  defects  forming the  c l u s t e r .  
The s t r u c t u r e  of  t he  compound BizTe3 i s  rhombohedral;(*) it w i l l  
The length  of t he  be analyzed here  i n  terms of the  hexagonal system. 
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a-axis i s  4.3835 A.U. and t h a t  o f  the  c-axis 30.487 A.U. ( 9 )  The 
compound has a layer  s t ruc tu re ,  i n  which the l a y e r s  are stacked along 
the  c-axis. Units of f i v e  layers  a r e  repeated; t he  s tacking sequence 
o f  such a u n i t  is: 
-Te(l) - B i  - Te(2) - B i  - Te(1) - 
The bonding scheme of B i ~ T e s  cons is t s  of van der Waals bonding 
between atoms i n  neighboring Te(1) layers, mixed covalent and ion ic  
bonding between atoms i n  neighboring Te(1) and B i  l aye r s ,  and covalent 
bonding between atoms i n  neighboring Te(23 and B i  l ayers .  (lo) Because 
of  the  weak bonding between Te(1)  layers, the  compound cleaves e a s i l y .  
The compound Bi2Te3 has been invest igated by transmission e l e c t r o n  
(11) microscopy. 
I n  the  so l id  solut ion a l loys  of  B i 2 T e ~  and SbzTes i n  t h e  range between 
pure SbZTe3 and 40 p c t  Sb2Te3-60 p c t  Bi2Te3,  d i s loca t ion  loops have been 
observed on basal planes; these loops have been a t t r i b u t e d  t o  deviat ions 
from stoichiometry. (12 'I3) Although deviat ions from the  s toichiometr ic  
composition occur i n  pure Bi2Te3 and are responsible f o r  i t s  p-type 
behavior,(14) coalescence o f  these poin t  defec ts  has n o t  been observed. 
Dislocations with a Burgers vec tor  -CliicP have been observed. 
11. EXPERIMENTAL PROCEDURE 
F o i l s  of the compound Bi2Tes  su i t ab le  f o r  transmission e lec t ron  
microscopy were prepared bycleaving a s ingle  c r y s t a l  with Scotch tape.  (11) 
The f o i l s  were placed between folded gold gr ids .  
examined i n  a Siemens Elmiskop 
scope before i r rad ia t ion .  
Specimens were 
I microscope o r  a Hitachi HU-11 micro- 
. 
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t h e  
5 x  
t h e  
The specimens held between 
water-cooled t a r g e t  support  
cm t h i c k ,  covering t h e  
assembled t a r g e t  was placed 
the  folded gold g r i d s  were placed on 
shown i n  Fig. 1. An aluminum f o i l ,  
g r i d s  kept  them f i rmly  i n  place.  
i n  t h e  i n t e r n a l  beam chamber of t h e  
Af t e r  
cyclotron,  the  chamber was evacuated. 
specimens were no t  cooled uniformly during i r r a d i a t i o n  because t h e  a reas  
i n  d i r e c t  contac t  with the  metal i n  the  g r ids  were cooled more e f f i c i e n t l y  
It should be emphasized t h a t  the  
than areas fac ing  the  openings. 
From the changes i n  the Hall c o e f f i c i e n t  and e l e c t r i c a l  r e s i s t i v i t y  
of  the  specimens i r r a d i a t e d  i n  a s i m i l a r  manner, it was ca lcu la ted  t h a t  
a proton i n  a centimeter of travel generates  approximately 580 de fec t s .  (7) 
In  order  t o  obtain a s u f f i c i e n t l y  high concentrat ion of po in t  de fec t s ,  
t h e  in t eg ra t ed  dose used i n  t h e  i r r a d i a t i o n  o f  specimens f o r  examination 
by e l ec t ron  microscopy was 5.5 x lox8 protons/cm2 and the  l e v e l  o f  the  
f lux was more than an order  of magnitude h igher  than  t h a t  used i n  ir- 
r a d i a t i n g  specimens f o r  t he  e l e c t r i c a l  measurements. ( 7 )  A s  explained i n  
t h e  earlier paper, the  f l u x  and the  in tegra ted  dose may be cons i s t en t ly  
i n  e r r o r  by 20-30 pc t .  
Two batches of s eve ra l  specimens each were i r r a d i a t e d  a t  two l e v e l s  
o f  f lux  t o  the  same in t eg ra t ed  dose. 
were or ien ted  so t h a t  t h e i r  c-axis was p a r a l l e l  t o  t he  proton beam. 
A f t e r  i r r a d i a t i o n ,  the specimens were he ld  a t  78 K f o r  a t  l e a s t  seven 
days t o  allow the  induced r ad ioac t iv i ty  t o  decay. The specimens were 
During i r r a d i a t i o n  the  specimens 
0 
then examined by e l ec t ron  microscopy. 
The d i f f r a c t i o n  p a t t e r n  of the se lec ted  a rea  and the  b r igh t - f i e ld  
image corresponding t o  this area were ro t a t ed  with respec t  t o  each o the r  
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through the required angle  t o  e l iminate  the  rotxition o f  t h e  image 
r e l a t i v e  t o  t he  d i f f r a c t i o n  pa t t e rn .  (I5) The r o t a t i o n  inc ludes  an 
180’ inversion xhich a r i s e s  through differences i n  intermediate  
l ens  exc i ta t ion  between the  d i f f r a c t i o n  and imaging operat ions.  (16 1 
111. RESULTS AND DISCUSSION 
The types of de fec t  c l u s t e r s  observed a f t e r  the  i r r a d i a t i o n  were 
d i f f e r e n t  f o r  t he  two l e v e l s  of  f l ux .  This was due t o  t h e  d i f fe rence  
j.n t he  concentrations of po in t  defec ts  generated p e r  u n i t  time and t o  
the  difference i n  t h e  temperature of the  specimen during i r r a d i a t i o n .  
The preparat ion of  f o i l s  f o r  transmission e l ec t ron  microscopy by 
the  cleavage technique introduced a l a rge  number of  d i s loca t ions .  The 
arrangcment o f  these  d i s loca t ions  i n t o  networks was similar t o  t h a t  
a l ready  reported i n  the  l i t e r a t u r e .  (11) Since i n  the  presence o f  excess  
vacancies and i n t e r s t i t i a l s  generated by the  i r r a d i a t i o n ,  edge d i s loca t ions  
can Tnove nonconservatively, some rearrangement was expected and was 
i n  f a c t  observed. 
A. Poin t  Defects 
I r r a d i a t i o n  with a Flux of  1.8 x 1013 Protons/cm*-sec - Defect 
c 
c l u s t e r s  ranging i n  s i z e  from 50 t o  250 A.U. were v i s i b l e  i n  the  e l ec t ron  
microscope. 
f o i l s  were so or ien ted  i n  t h e  e l ec t ron  microscope t h a t  t h e  c-axis of  
t he  specimen was para l le l  t o  the  e l ec t ron  beam. 
some o f  the c l u s t e r s  had t h e i r  longes t  dimension para l le l  t o  t h e  < l O i O >  
and <ll20> d i rec t ions .  
t he  <11?0> d i r e c t i o n  are  marked A and some s p o t s  a l igned  i n  the  <lo%@ 
Such c l u s t e r s  appear a s  dark spo t s  i n  Fig. 2(a)-(d). The 
I n  t h i s  o r i e n t a t i o n ,  
I n  Fig.  2(a) some spo t s  which are a l igned  i n  
4 -5- 
*/ 
d i r e c t i o n  a r e  marked B. The defec t  c l u s t e r s  were observed t o  anneal 
, 
. l  
o u t  i n  the microscope, presumably because of the  temperature r i s e  
caused by t h e  e l ec t ron  beam. 
i n  Fig. 2(a)-(d) i l l u s t r a t e s  the progressive anneal ing o u t  of the 
c l u s t e r s .  
The sequence of e l ec t ron  micrographs 
The shape o f  t h e  defect  c l u s t e r s  i s  determined by t h e  type o f  
the  bonds present  i n  the  compound. 
of t he  predominating covalent bond i n  the  compound BizTes, t he  smaller  
c l u s t e r s  may be expected t o  have shapes o t h e r  than sphe r i ca l .  
alignment of the major a x i s  of these c l u s t e r s  i n  the  <LOia> and <1120> 
d i rec t ions  is probably connected with t h i s  f a c t o r .  If  t h e  s i z e  o f  a 
c l u s t e r  increases ,  it may lower i t s  energy by co l laps ing  i n t o  a d i s -  
l oca t ion  loop. I n  the  compound Bi2Tes vacancy c l u s t e r s  can col lapse 
i n t o  d i s loca t ion  loops ly ing  on th ree  of t he  s i x  (2029)  planes.  I n  
loops ly ing  on these  planes the l a r g e s t  number o f  bismuth-tellurium 
bonds broken a r e  i n  the  plane of t h e  loop and the  d is rupt ion  of  t h e  
s t r u c t u r e  is l e a s t  severe.  
nucleated on the periphery of such a loop, t h e  broken bonds on one s i d e  
o f  t h e  loop can combine with those on the  o the r  s i d e .  The p ro jec t ion  
of  such a c i r c u l a r  loop on the basal plane would be an  e l l i p s e  with a 
major a x i s  along t h e  < l l z O >  d i rec t ion .  
Because of  the  d i r e c t i o n a l  nature 
The 
If a Shockley par t ia l  d i s loca t ion  is  
Several  d i s loca t ion  loops can be seen i n  Fig. 3. From measurements 
of  t h e  lengths  of the  major and minor axes  o f  t he  e l l i p s e ,  t he  angle  
o f  i n c l i n a t i o n  of  the  plane o f  t he  loop t o  the  b a s a l  plane can be 
estimated. 
E20291 and the  basal planes.  
This angle  was approximately equal  t o  t h e  angle  between t h e  
Loops of the  type shown i n  Fig. 3 appeared 
less f requent ly  than the  dark spots .  
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..I 
I r r a d i a t i o n  with a Flux of 3.0 x l O l 3  Protons/cm2-sec. - The 
de fec t  c l u s t e r s  observed a s  dark spo t s  a f t e r  i r E d i a t i o n  with a f lux  
o f  1.8 x 
t h e  h igher  f lux.  
protons/cm2-sec were n o t  seen afier i r r a d i a t i o n  with 
They probably had annealed ou t  during i r r a d i a t i o n  
because of t h e  increase  i n  temperature caused by t h e  h igher  f lux .  
The defect  c l u s t e r s  present  after i r r a d i a t i o n  a t  the  h ighe r  f l ux  
a r e  shown i n  Fig. 4. 
a l i n e  o f  no c o n t r a s t  perpendicular  t o  t h e  d i f f r a c t i o n  vec tor .  
l i n e  o f  no c o n t r a s t  s a t i s f i e s  t h e  condi t ion g . b = 0,  where g i s  t h e  
(I7) Rotat ing the d i f f r a c t i o n  vec to r  and b is t h e  Burgers vector .  
d i f f rac t ion  vec to r  causes a corresponding r o t a t i o n  o f  the l i n e  of  
The de fec t  c l u s t e r s  marked I i n  Fig.  4(a) show 
The 
- 3 4  -+ 
-3 
no cont ras t .  The l i n e  o f  symmetry c u t t i n g  ac ross  t h e  pairs o f  c re scen t s  
i n  Fig.  4(a) and (b )  is  p a r a l l e l  t o  t h e  d i f f r a c t i o n  vec to r  and i n d i c a t e s  
that  t h e  s t r a i n  f i e l d  o f  t he  de fec t  is symmetrical about  t h e  c-axis o f  
the specimen. (18 1 
A s  the  specimens were much t h i c k e r  than the  ex t inc t ion  d i s t ance ,  
dynamical d i f f r a c t i o n  gave r i s e  t o  t h e  observed c o n t r a s t  e f f e c t s .  
Defect clusters ly ing  c lose  t o  a sur face  can be i d e n t i f i e d  by dark 
f i e l d  microscopy. (I8) Fig. 4 (c)  shows a dark f i e l d  image o f  t he  same 
a rea  a s  t h a t  i n  Fig. 4(b);  t he  spo t s  marked I and V are i d e n t i f i e d  a s  
c l u s t e r s  of i n t e r s t i t i a l s  and c l u s t e r s  o f  vacancies.  
The i n t e r s t i t i a l  c l u s t e r s  marked I i n  Fig.  -2 a r e  not  d i s loca t ion  
A d i s loca t ion  loops,  but may be considered a s  coherent p r e c i p i t a t e s .  
loop ly ing  on the  basa l  plane with a Burgers vec tor  p a r a l l e l  t o  t he  
c-axis does no t  produce d i f f r a c t i o n  c o n t r a s t  when t h e  e l ec t ron  beam 
is  p a r a l l e l  t o  the  c-axis. The i n t e r s t i t i a l  c l u s t e r s  shown i n  Fig. 4 
*' 
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must therefore  have components of the  Burgers vec tor  i n  the  plane 
of the  f o i l .  Since the  con t r a s t  e f f ec t s  of  the  i n t e r s t i t i a l  c l u s t e r s  
are symmetrical about the  c-axis, t he  c l u s t e r s  are no t  pr i smat ic  
d i s loca t ion  loops. 
must therefore  modify the  bonding scheme l o c a l l y  so as  t o  form pre- 
c i p i t a t e s ,  which a r e  coherent with t h e  lat t ice.  
The i n t e r s t i t i a l  atoms present  i n  the  c l u s t e r s  
P a i r s  of  loops of the  type shown i n  Fig. 3 and agglomerations o f  
de fec t  c l u s t e r s  as  t h a t  marked X i n  Fig. 4 were occasional ly  observed. 
Both types of  observations probably a r i s e  from the  i n t e r a c t i o n  of  
s t r e s s e s  around t h e  defect c lus t e r s  causing them t o  migrate towards 
each o ther .  ( 1 9  1 
I n  some a reas  of specimens assoc ia ted  l i g h t  and dark regions and 
small  l i g h t  regions having hexagonal symmetry were seen and a r e  i l l u s -  
t r a t e d  i n  Fig. 5. If the  beam curren t  of  the  e l ec t ron  microscope was 
slowly increased so a s  t o  raise the temperature of  t he  specimen, the  
hexagonal a r e a s  (marked B i n  Fig. 5 )  were observed t o  grow. The micro- 
graphs i n  Fig. 5(a)-(c) record such a sequence. Small l i g h t  spo t s  
(marked C )  were a l s o  observed t o  grow i n t o  l a r g e r  areas with hexagonal 
symmetry. Some of  the  hexagonal a r e a s  assumed t r i a n g u l a r  shapes. An 
example of t h i s  is the  a rea  marked A i n  Fig.  5(a),  (b) and (c).  The 
s i d e s  of the  hexagonal and the  t r i angu la r  a r eas  were p a r a l l e l  t o  one 
o f  the  (1120> d i rec t ions .  
The assoc ia ted  l i g h t  and dark regions and the  l i g h t  regions may 
have been due t o  a combination of the  high temperature and the  defec ts  
introduced by the  protons near  the sur face ,  which l ed  t o  l o c a l  evapora- 
t i o n  of  ma te r i a l  because o f  the  high vacuum. The growth o f  these  
-a - 
L 
c 
regions observed i n  the  e l ec t ron  microscope may have been due t o  
f u r t h e r  evaporation from the  edge c rea ted  by the  i n i t i a l  evaporation. 
That i r r a d i a t i o n  was necessary f o r  these  effects was confirmed by 
hea t ing  uni r rad ia ted  specimens i n  high vacuum. 
B. Dis locat ions 
The arrangement o f  d i s loca t ions  i n  B izTe3  is  a f f e c t e d  by the  po in t  
de fec t s  generated and the  temperature r i s e  o f  t h e  specimen during ir- 
rad ia t ion .  Examples of  these  e f f e c t s  can be seen i n  Figs .  2 ,  3 ,  4 
and 6. 
I n  i r r ad ia t ed  specimens s h o r t  segments o f  some d i s loca t ion  l i n e s  
showed no d i f f r a c t i o n  con t r a s t .  
l oca t ion  l i n e  marked S i n  Fig. 6.  
t h e  e f f e c t  o f  i r r a d i a t i o n  on a d i s loca t ion  network. Some o f  the dis- 
l oca t ions  forming the  network i n t e r s e c t  t he  sur face  o f  t h e  specimen 
a t  such poin ts  a s  P. 
one end of  which in t e r sec t ed  t h e  sur face ,  reduced t h e i r  l ength .  
example i s  the  d i s loca t ion  marked D i n  the  sequence of  micrographs i n  
Fig.  2(a)-(d). 
e l ec t ron  microscope have been reported f o r  un i r r ad ia t ed  specimens 
An example i s  the  segment o f  t he  d is -  
This micrograph a l s o  i l l u s t r a t e s  
During examination i n  the  microscope, d i s loca t ions ,  
An 
Simi la r  observat ions o f  d i s loca t ion  movement i n  t h e  
I n  the  un i r r ad ia t ed  specimens the  d i s loca t ion  l i n e s  were smooth 
and general ly  tended t o  be paral le l  t o  each o ther .  
these  l i n e s  became jagged although they remained approximately paral le l .  
This can be seen i n  Figs.  4 and 6 .  
during i r r a d i a t i o n  set  up s t r e s s e s  which presumably caused the  dis-  
l oca t ions  t o  move. On completion of t he  i r r a d i a t i o n  and removal o f  
After i r r a d i a t i o n  
Nonuniform cool ing o f  t he  specimens 
J 
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t h e  s t r e s s e s  due t o  thermal gradients  t h e  d i s loca t ions  tended t o  move 
back toward t h e i r  o r i g i n a l  pos i t ions .  However, t he  de fec t  c l u s t e r s  
generated by the  i r r a d i a t i o n  and t h e  presence of j ogs  on the  d i s loca t ion  
l i n e s  pinned the  d i s loca t ions  and gave r ise  t o  t h e i r  jagged appearance. 
I V .  SUMMARY AND CONCLUSIONS 
The de fec t  c l u s t e r s  formed by i r r a d i a t i n g  specimens o f  the compound 
BizTes with 7 . 5  MeV protons have been examined by t ransmission e l ec t ron  
microscopy. The e f f e c t  o f  i r r a d i a t i o n  on t h e  d i s loca t ions  has  a l s o  
been inves t iga ted .  
After i r r a d i a t i o n  with a f lux  of  1.8 x 1013 protons/cm2-sec t o  an 
in t eg ra t ed  dose o f  5.5 x 10l8 protons/cm2, c l u s t e r s  o f  p o i n t  de fec t s  
ranging i n  s i z e  from 50 t o  250 A.U. were observed. These c l u s t e r s  an- 
nealed o u t  during examination i n  t h e  e l ec t ron  microscope. 
c l u s t e r s  were a l igned  along t h e  < l o 1 0  o r  t h e  <1120> d i rec t ions .  
Some o f  t h e  
After i r r a d i a t i o n  with a f lux  of 3.0 x protons/cm2-sec t o  an  
in t eg ra t ed  dose o f  5.5 x lOI8 protons/cm2, c l u s t e r s  o f  i n t e r s t i t i a l  
atoms and c l u s t e r s  o f  vacancies could be d is t inguished .  The i n t e r s t i t i a l  
c l u s t e r s  probably were coherent p r e c i p i t a t e s .  
Areas with hexagonal shapes i n  which the  s i d e s  were p a r a l l e l  t o  t h e  
<llTo> d i rec t ion  were observed in  some p a r t s  o f  the specimens i r r a d i a t e d  
with a f l u x  o f  3.0 x protons/cm2. During examination i n  the  e l ec t ron  
microscope a t  h i &  e l e c t r o n  beam cur ren t s ,  t hese  a r e a s  were observed 
t o  grow and some changed from hexagonal t o  t r i a n g u l a r  shapes. The a r e a s  
a re  t e n t a t i v e l y  explained by loca l  evaporation o f  material a t  de fec t s  a t  
t h e  sur face  a t  t h e  temperature and vacuum during i r r a d i a t i o n  i n  the  cyclotron.  
-10- 
I r r a d i a t i o n  promoted d i s loca t ion  rearrangement. Segments of dis-  
l oca t ions  in te rsec ted  the  surface of t he  specimens and d i s loca t ions  
acquired a jagged appearance because of pinning by de fec t  c l u s t e r s  
generated during i r r a d i a t i o n .  
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Fig. 2. Defect c l u s t e r s  i n  proton-irradiated Bi2Te3. Electron 
micrographs taken a f t e r  approximately 30 second in t e rva l s .  Areas 
marked A and B show some of the  defec t  c l u s t e r s  a l igned along the  
<L12cD and a O i O >  d i rec t ions ,  respect ively.  
remains unchanged; t h e  d is loca t ion  marked D reduces i t s  length.  
Length of  t h e  mark: 2,000 A . U .  Flux leve l :  1.8 x 1013 protons/ 
cm2-sec. Integrated dose : 5.5 x lox8 protons/cm2. 
The d is loca t ion  marked C 
. 
Fig. 3 .  Dislocation loops i n  proton-irradiated Bi2Te3. The major 
a x i s  of t h e  loops i s  aligned along the ( l l z O >  d i rect ion.  
t he  mark: 2,000 A.U. Flux l eve l :  1.8 x protons/cm2-sec. 
In tegra ted  dose: 
Length of 
5 . 5  x 10l8 protons/cm2. 
Fig. 4. Defect c l u s t e r s  i n  proton-irradiated BizTee. Electron 
micrographs taken f o r  two d i f f r a c t i o n  vectors .  
2,000 A.U. Flux leve l :  3.0 x 1013 protons/cm2-sct. In tegra ted  
dose : 
Length of the mark: 
5.5 x 1OI8 protons/cm2. 
Bright-f ie ld  image corresponding t o  a r e f l e c t i o n  from (1150) 
type planes. The l i n e  of  no con t r a s t  of t he  defec t  c l u s t e r s  
marked I i s  normal t o  the d i f f r a c t i o n  vector .  
Bright-field image corresponding t o  a r e f l e c t i o n  from (2110) 
type planes.  
has ro ta ted  so t h a t  it i s  normal. t o  the d i f f r a c t i o n  vector .  
Dark-field image of (b). 
from the  c l u s t e r s  i s  i n  the  opposite d i r ec t ion  f o r  t he  defec t  
c l u s t e r s  marked I and V. 
The l i n e  of no con t r a s t  i n  the defec ts  marked I 
Note t h a t  the l i g h t  s ide  of  t he  image 
Fig. 5. Growth o f  hexagonal areas during observation in  the 
electron microscope i n  proton-irradiated BizTe3. 
A ,  B and C a r e  growing with time. 
agonal areas  have assumed t r iangular  shapes. 
hexagonal and t r iangular  areas a re  pa ra l l e l  t o  a l g O >  directions. 
Length o f  the mark: 2,000 A.U. Flux level:  3.0 x lOI3 protons/ 
em2-sec. Integrated dose: 5.5 x 10l8 protons/cm2. 
Regions marked 
In region marked A ,  the hex- 
The sides of the 
Fig. 6 .  E f fec t  of  proton i r r a d i a t i o n  on d is loca t ion  and dis- 
l oca t ion  networks. 
l i n e  i s  out o f  con t r a s t .  
13  Flux leve l :  1 .8  x 1 0  protons/cm2-sec. In tegra ted  dose: 
5.5 x 10” protons/cm*. 
A t  the  segment marked S ,  t he  d i s loca t ion  
Length of  t h e  mark: 2,000 A.U. 
